The realization of THz sources is a fundamental aspect for a wide range of applications. Over different approaches, compact THz oscillators can be realized taking advantage of dynamics in antiferromagnetic (AFMs) thin films driven by spin-Hall effect. Here we perform a systematic study of these THz oscillators within a full micromagnetic solver based on the numerical solution of two coupled Landau-Lifshitz-Gilbert-Slonczewski equations, for the case of ultra-thin films, i.e. when the Néel temperature of an AFM is substantially reduced. We have found two different dynamical modes depending on the strength of the Dzyaloshinskii-Moriya interaction (DMI). At low DMI, a large amplitude precession is excited where both the magnetizations of the sublattices are in a uniform state and rotate in the same direction. At large enough DMI, the ground state of the AFM becomes non-uniform and the antiferromagnetic dynamics is characterized by ultrafast domain wall motion.
I. INTRODUCTION
Terahertz (THz) radiation covers the range of frequencies from 300GHz to 3THz, between microwaves and infra-red, corresponding to wavelengths ranging from 1000 to 100 m [1, 2] . Since a wide variety of lightweight molecules emits in this range of the electromagnetic spectrum, THz were intensely investigated by astronomers and chemists in the past [3, 4] . However, THz oscillations have turned out to be very promising in many other fields, such as biomedicine [5] , defense and security [6] , material science [7] , industrial non-destructive testing [8] , and information and communication technology (ICT) [9, 10] . THz sources can be realized with quantum cascade lasers [11] , solid state devices [12] , however the development of compact nano-sized electrical generators and receivers of THz signals represents a key-challenge of the modern technology. With the experience maturated after decades of research on the generation and manipulation of GHzfrequency dynamics in ferromagnetic materials [13, 14, 15, 16, 17, 18] , development of high quality AFM materials for several applications [19, 20, 21, 22, 23] , and proof of concept of antiferromagnetic memories [24, 25, 26, 27] driven by the spin-Hall effect (SHE) [28] , research is now combining this know-how focusing on the development of AFM-based oscillators for application in 4G and 5G telecommunication systems [29, 30, 31, 32, 33, 34, 35] . Up to now, there is no experimental proof of AFM-based oscillators (ASHO), and all the theoretical studies are considering two sub-lattices with their magnetizations antiferromagnetically coupled [36] and their dynamics is studied by solving two Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equations [37] within the macrospin approximation [29, 31, 32] .
Besides, in the above papers the Néel temperature of the AFM thin films was assumed to be much higher than the operational temperature of the oscillator. It is, however, known, that ultra-thin films of the magnetically ordered materials exhibit strong reduction of the phase transition temperature. Thus, the 1-5 nm thick film of nickel oxide (NiO) can become paramagnetic already at the room temperature [38] . Therefore, below we are interested in the case when the Néel temperature is close but still above the operational temperature. In this regime, the exchange stiffness constant is substantially reduced as compare to the values of a bulk crystal. In contrast, the influence of magnetic anisotropy for thin films can be stronger than in the bulk, because of the surface stress.
The main motivation of this work is to extend the study to a full micromagnetic framework in order to take into account spatial inhomogeneities and move a step forward the understanding of THz AFM dynamics driven by a damping-like torque originating from the spin Hall effect. We performed a systematic study of the threshold currents and the output frequency as a function of spin-polarization direction, exchange constant, Gilbert damping, AFM thickness and
Dzyaloshinskii-Moriya interaction (DMI).
We found that the DMI is the most influent parameter in controlling the type of excited mode.
At low DMI, the threshold current is a sub-critical Hopf bifurcation and the dynamics is related to a large amplitude uniform precession of the magnetization of the two sublattices in the same direction with a phase angle that depends on the applied current. As the DMI increases the ground state becomes non-uniform and the excited dynamics changes qualitatively and it is related to a continuous domain wall nucleation, propagation and annihilation. In addition, the threshold current is a super-critical Hopf bifurcation. Our results reveal the need of a full micromagnetic model for a proper design of AFM based oscillators. This paper is organized as follows. Section II is devoted to the micromagnetic model developed for the analysis. Results are given in Section III in detailed paragraphs, then, the conclusions are summarized in Section IV.
II. MODEL
The device under examination consists of an AFM antiferromagnetic layer coupled to a 4 terminals Heavy metal layer [32] (see Fig. 1(a-b) , where the Cartesian coordinate systems are also shown). The AFM has a square cross section with dimensions 40x40 nm 2 , whereas the thickness d The effective fields include the standard contributions from exchange, anisotropy, and demagnetizing:
The exchange fields take into account both ferromagnetic coupling between neighbors in each sub-lattice (this is the same as in the standard model for the ferromagnets) and the antiferromagnetic coupling between the two sub-lattices. The latter is considered of atomistic origin because the two magnetization vectors are at the same point and it is modeled considering only the homogeneous part,  is the vacuum permeability.
We consider anisotropy fields originating from uniaxial material: 
III. RESULTS

A) Role of spin-polarization direction.
We consider three experimental realizable spin-polarization directions 1 p , 2 p , and 3 p : The AFM magnetization dynamics is characterized by the rotation of the magnetization of both sublattices 1 m and 2 m in the same direction with a phase angle  with respect to the oscillation axis (top left inset of Fig. 3 ). The rotation frequency (Fig. 2(b) ) exhibits blue shift tunability (21GHz/(10 8 A/cm 2 )) and it turns out that oscillation frequencies (above ON J ) are basically independent of the spin-polarization direction. The origin of this result is given by the fact that for a fixed current density the trajectory is characterized by the same  around the oscillation axis fixed by the spin-polarization direction. This fact is preserved also at very large current, see for example the main panel of Fig. 3 for the trajectories at , we have performed a comparison with the analytical model developed in Ref. [32] finding an agreement, described below in the paper (see also Supplementary Note 1 [44] ). 
B) Output signal
The first challenge to face is the conversion of the AFM dynamics in a measureable THz signal.
Some proposed strategies are based on the inverse spin-Hall effect [32] or dipolar radiation [45] .
Those two approaches need tilting of the magnetization of the two sublattices for originating a net rotating magnetic vector or a time varying phase angle between the two sublattices, however for realistic parameters the output power should be very small. On the other hand, our 4-terminal scheme can be used biasing the device with a proper current in order to have 1 p , 2 p and 3 p , and reading the magnetoresistance at one of the couples of terminals AA' or BB' [46, 47] . For example when the bias current is applied through the AA' terminals and hence the spin-polarization is 3 p , the THz signal should be read out via the BB' terminals and it is mainly originated by the oscillation of the y-component of the magnetization of the two sublattices; such an oscillation has a frequency that is two times the precession frequency (see Supplementary Note 2 [44] ). Alternatively, the THz signal can be read via the same AA' terminal via the magnetoresistance that originates from the oscillation of the x-component of the magnetization of the two sublattices [48] . (Figs. 4(a)-(b) ). On the other hand, our simulations confirm that the exchange contribution plays an important role mainly in the switching off current density, which slightly increases with the value of A, whereas the switching on current density is almost constant (Fig. 4(c) ). The hysteresis width increases with the thickness, decreases with the damping, and slightly decreases with the value of A. Such results agree with the theoretical predictions (see Eqs. (4) and (5) of Ref. [32] ).
Within the same parametric study, Figs several THz. In particular, the frequencies increase with either the decrease of thickness (Fig. 4(d) ) and damping (Fig. 4(e) ). In conclusion, full numerical micromagnetic simulations are in qualitative agreement with the theoretical predictions that hence can be used as a first tool to identify the parameter region where to optimize the THz AFM-based oscillators (see Fig. 4 (f) and Eqs. (6) and (7) of Ref. [32] ).
The oscillation frequencies in Fig 4(e) , computed for =0.01, shows a jump to zero at 82 5 10 A/cm J = where the dynamics of the y-component of the magnetization is off (my is constant) and the trajectory is in the x-z plane. This is a direct consequence of the reduced exchange stiffness or, in other words, the low thickness of the AFM film. As can be observed the damping is a critical parameter either for the oscillation frequency and for the range of current tunability. This brings us to the conclusion that the THz dynamics in ultra low damping AFM materials will be observable in a narrow range of current density, at least if we readout the signal via the spin-Hall resistance.
D) ASHO linewidth.
Together with frequency tunability and threshold current, the linewidth is another fundamental property of an oscillator. In order to calculate the linewidth for the AFM oscillator, we have performed micromagnetic simulations at room temperature (T=300 K) by considering the thermal field, as a stochastic contribution added to the deterministic effective field: 
with B k is the Boltzmann constant, V  and t  are the discretization volume and integration time step, respectively, while T is the temperature.  is a 6-dimentional white Gaussian noise with zero mean and unit variance, uncorrelated for each computational cell [49] .
We have computed the linewidth for different values of current density, T=300 K,
90
 = p , and the default values for d, α, and A. Our results point out that it is smaller than 10 MHz (our simulations are 100ns long), corresponding to a quality factor of 41000 Q f f =  = at least.
E) Comparison with analytical model.
As already cited, our main numerical results agree with recently published theoretical predictions [32] . For this reason, we focused on a direct comparison between micromagnetic simulations and those analytical models, finding a good agreement for both the threshold currents and the output frequencies. Fig. 5 summarizes this comparison. In the first graph, numerical threshold currents, as a function of the AFM layer thickness, are compared with the analytical formulas (Eqs. (4) and (5) in Ref. [32] ):
Fig . 5(b) shows the comparison concerning the output frequency of the oscillator for the default set of parameters. The analytical formula corresponds to Eq. (7) of Ref. [32] :
where, however, we are referring to the double frequency of the y-component of the magnetization.
We also performed numerical and analytical calculations in the case of higher exchange, III. CONCLUSIONS AFM materials are promising for the realization of a compact sub micrometer scale THz oscillator tunable with a current in a wide range of frequency ranging from few hundreds of GHz up to 1-2 THz. Actually, this idea is still not demonstrated experimentally, this paper contributes to furnish a more detailed numerical understanding of the THz dynamics driven by spin-Hall effect.
We find that the macrospin based theoretical model can be used for a qualitative study at very low DMI while a full micromagnetic approach is necessary in presence of DMI, that is an energy 14 contribution that arises in most of the experimental promising solutions for AFM based oscillators.
In conclusion, we point out that the interlayer exchange interaction within the same computational cell has no influence on the domain wall nucleation being a local term only. JON and an elimination current JOFF, the latter lower than the former so highlighting an inertial nature of the excitation. Fig. S1 is a representation of this feature, and it aims to reproduce, qualitatively, Fig. 4 of Ref. [1] . We show two abrupt steps of DC current applied to the heavy metal of the antiferromagnetic spin-Hall oscillator in the default configuration of the parameters. One step starts from value corresponding to the "ignition" current, the second step starts from zero. Both of them, however, finish at value slightly higher than the elimination current. We also show the oscillation of the y-components of the magnetization of one sub-lattice, corresponding to those steps of current.
Although both the steps finish at the same working value, in the first case we get a persistent oscillation, in the second there is no oscillation. From a qualitative point of view, this behaviour is similar to what shown in Ref. [1] . 
